Background Wide-margin resections are an accepted method for treating soft tissue sarcoma. However, a widemargin resection sometimes impairs function because of the lack of normal tissue. To preserve the normal tissue surrounding a tumor, we developed a less radical (ie, without a wide margin) surgical procedure using adjunctive photodynamic therapy and acridine orange for treating soft tissue sarcoma. However, whether this less radical surgical approach increases or decreases survival or whether it increases the risk of local recurrence remains uncertain.
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improves patient prognosis compared with a marginal or intralesional margin [8, 11, 13, 14, 41, 44] . However, if the tumors are located near major nerves, vessels, bones, or joints (ie, the knee, hip, shoulder, or elbow), these structures might need to be sacrificed during a wide-margin resection, resulting in various degrees of impaired limb function. Furthermore, the resection of tumors with a wide resection margin is sometimes difficult, and postoperative radiation therapy or brachytherapy might be required because of a positive margin status. The long-term effects of radiation therapy can include fibrosis, edema, fractures, and contractures, all of which can substantially impair limb function. Thus, patients frequently experience serious limb dysfunction after surgery [6, 7, 31, 42, 45] . Adjuvant therapies that could reduce the need for a wide surgical margin without increasing the incidence of local recurrence could enable better limb function after the resection of high-grade soft tissue sarcomas.
We have focused on adjuvant photodynamic therapy with photosensitizers as a neoadjuvant therapy to kill tumor cells and thereby reduce the surgical margin. Several photosensitizers are used for cancer treatment. Intravenously administered hematoporphyrin was the first photodynamic therapy agent approved for clinical use in 1993 for treating bladder cancer during endoscopic surgery [38] . The use of hematoporphyrin, marketed under the trade name Photofrin (QLT Inc, Vancouver, Canada), was extended to include the treatment of cancers of the skin [43] , lung [24] , esophagus [12] , stomach [12] , and uterus [30] . 5-Aminolevulinic acid has also been used for the treatment of skin cancer [2] . However, 1 or 2 days is required for these two photosensitizers to be delivered to the cancer cells after intravenous injection.
In 1990, we began testing a promising new photosensitizer, acridine orange [10, 16, 17, [21] [22] [23] , for its usefulness in treating musculoskeletal sarcoma. Acridine orange specifically binds to malignant tumors and immediately accumulates in tumor cells [16, [21] [22] [23] 29] . It can be delivered to tumor cells quickly through local administration. Acridine orange binds densely to lysosomes and acidic vesicles, which are rich in tumor cells [29] , and is therefore useful for visualizing tumor cells during surgery under a fluorescence microscope. Furthermore, it has a strong cytocidal effect on tumor cells after a single session of blue light excitation or low-dose radiation, allowing residual tumor cells located deep inside the body to be killed [10] .
Based on the results of basic studies, in July 1999 we began to develop a therapeutic approach that combined a less radical approach without the intent to achieve a wide margin but supplemented with adjunctive acridine orange photodynamic surgery, photodynamic therapy, and radiodynamic therapy [18-20, 26-28, 32, 47] . Acridine orange therapy can potentially reduce the surgical margin by visualizing tumor cells, thereby enabling the normal surrounding tissue to be preserved. However, given the fact that this approach used a less radical surgical technique, rather than a wide-margin resection, it was unclear whether the overall survival would be higher with this approach and whether the rate of local recurrence would be increased.
We therefore examined the survival, local recurrence, and limb function outcomes in patients who were treated with a less radical approach and adjunctive acridine orange therapy compared with those who underwent a conventional wide-margin resection.
Patients and Methods
From 1999 to 2009, we treated 236 patients with primary soft tissue sarcomas of the limbs, girdle, or trunk. We excluded eight patients with retroperitoneal sarcoma, five with soft tissue sarcoma that could not be resected without amputation, and 53 patients with small superficial tumors or low-grade sarcomas. These exclusions left 170 patients; acridine orange therapy was performed in 51 of these patients, and the remaining 119 patients underwent a conventional wide-margin resection for limb salvage surgery (Table 1) . This clinical trial for acridine orange therapy was not designed as a randomized study. Rather, after a full explanation of the acridine orange therapy, a conventional wide-margin resection, and the purpose of the study, each patient and a family member could select the treatment they preferred, and each provided written informed consent before study participation. Briefly acridine orange therapy was described as a procedure in which the surgical margin would be located close to the tumor, and the acridine orange therapy would be used to kill the tumor cells near the margin. We further explained that this therapy was being studied as a clinical trial, and the patients were able to choose to undergo a conventional wide marginal resection with the reconstruction of artificial vessels, a prosthesis, or radiation therapy.
Before surgery, we selected candidates for acridine orange therapy based on the following indications: (1) the tumor was in contact with major nerves or vessels; (2) the tumor was in contact with bone but did not show signs of massive invasion; (3) the MRI results showed a low degree of invasiveness (the tumor margin could be identified on the MRI images) to the normal surrounding tissues; (4) the tumor was in contact with a major organ (ie, knee, hip, shoulder, elbow, inguinal tracts, bone, or tendons); and (5) the tumor biopsy sample showed sensitivity to acridine orange. Tumor samples that were resected during an open biopsy were stained with acridine orange, and the sensitivity to acridine orange was assessed using analytical software [29] . All five criteria had to be satisfied for the patient to be a candidate for acridine orange therapy.
Of the 170 patients, five patients were eligible for acridine orange therapy but chose to undergo a conventional wide-margin resection with 40 to 60 Gy of radiation therapy after surgery. Thirty-four patients who agreed to undergo acridine orange radiodynamic therapy received low-dose (5 Gy) radiotherapy after the closure of the surgical wound without washing out the acridine orange solution ( Table 2) . Thirty-two patients in the wide-margin resection group received radiation therapy or brachytherapy after surgery. These 32 patients included five patients who refused acridine orange therapy and 27 patients whose surgical margins were assessed as being less than 5 mm according to macroscopic findings or pathological findings. Of the 170 patients, 51 patients received acridine orange therapy and 119 patients received a wide-margin resection. We compared the clinical results for survival, local recurrence, and limb function between the two groups. The mean ages of the patients in the acridine orange therapy group and the wide-margin resection group were 44 and 54 years, respectively, and the minimum followup was 3 months (mean, 48 months; range, 3-131 months) and 3 months (mean, 46 months; range, 3-121 months), respectively. None of the patients were lost to followup. None of the patients were recalled specifically for the purposes of this study; all the data were obtained from the patients' medical records. The ethics committee of our university hospital approved this study.
No difference in age or the followup period was observed between the two groups when examined using a Student's or Welch t-test (Table 1 ). Both groups included American Joint Committee on Cancer (AJCC) Stage IV patients. Thirty-four patients who agreed to undergo acridine orange radiodynamic therapy received 5 Gy of radiation immediately after surgery ( Table 2) . We determined the tumor size according to the Response Evaluation Criteria in Solid Tumors, Version 1.1 [4] . The average tumor sizes in the acridine orange therapy group and wide-margin resection group were 9.4 cm and 8.0 cm, respectively. The average tumor size tended to be larger in the acridine orange therapy group than in the wide-margin resection group (95% CI, 8.3-10.7 versus 7.1-8.9). Thirteen patients in the acridine orange therapy group and nine patients in the widemargin resection group were recurrent cases at the time of the definitive operation. The acridine orange therapy group included 13 patients with AJCC Stage IV disease (25%), whereas the wide-margin resection group included 14 patients with Stage IV disease (12%) at the time of referral. All the patients with soft tissue sarcomas who underwent acridine orange therapy received intentional marginal or intralesional tumor excisions around the major nerves, vessels, or organs. These procedures were used to minimize damage to the intact muscles and bones as well as the major nerves and vessels that were in close contact with the tumor and were important for the maintenance of limb function. Next, we performed microscopic curettage using an ultrasonic surgical scalpel (Olympus, Tokyo, Japan). We sprayed a 1-lg/mL solution of acridine orange (Sigma Aldrich Co, St Louis, MO, USA) over the resected surfaces using a syringe; excess solution was removed with saline. We then observed the fluorescence using a surgical microscope (Carl Zeiss, Oberkochen, Germany) equipped with an interference filter (450-490 nm) to select the blue light emitted by a xenon lamp and an absorption filter ([520 nm) to allow for the observation of the green acridine orange fluorescence under fluorescence surgical microscopy. Microscopic curettage was then repeated until the green fluorescence had disappeared completely from the remnant tumor mass. Acridine orange photodynamic therapy was subsequently applied to the area of tumor curettage by illuminating the area with [ 100,000 lx of unfiltered light from a xenon lamp for 10 minutes followed once again by fluorescence surgical microscopy.
A wide-margin resection was performed with a 2-to 5-cm surgical margin [13, 14] , which is regarded as a safe surgical margin. When the surgical margins of the patients in the wide-margin group were assessed as being less than 5 mm on macroscopic findings or pathological findings, including those patients with positive margins, 40 to 60 Gy of radiation therapy or brachytherapy was performed after the surgery. Between 1999 and 2001, we performed brachytherapy for patients in the wide-margin resection group who had a surgical margin of less than 5 mm macroscopically at the closest point [35, 46] . In the widemargin resection group, four patients required two total femur prostheses, one required a proximal femur prosthesis, one required a proximal tibia prosthesis, and one required an intercalary radiated bone autograft because of severe bone defects.
We typically evaluated the patients according to the following schedule: 2 weeks postoperatively, followed by 6 weeks, 3 months, and then every 3 months for 2 years and every 6 months thereafter. Functional evaluations were obtained for all 51 patients who underwent acridine orange therapy and 119 patients who underwent a conventional wide-margin resection using the revised 30-point functional classification system established by the International Society of Limb Salvage (ISOLS) [40] and the Musculoskeletal Tumor Society [5] . For lower limbs, the functional score measures pain, function, emotional acceptance, use of walking support, walking ability, and gait. For upper limbs, the functional score measures pain, function, emotional acceptance, hand positioning, dexterity, and lifting ability. Each of these six parameters is given a value ranging from 0 to 5 according to specific criteria. The individual scores are added to obtain an overall functional score with a maximum of 30 points. The overall functional Tumor size (mean) 9.4 cm 8.0 cm p = 0.06 PDS = photodynamic surgery; PDT = photodynamic therapy; RDT = radiodynamic therapy; RBG = intraoperative irradiated auto bone graft; Chemotherapy = mainly performed with Adriamycin and ifosfamide. For rhabdomyosarcoma cases, chemotherapy with vincristine, actinomycin-D, and cyclophosphamide was performed following the regimen of Japanese rhabdomyosarcoma study.
Volume [34] . Complications were recorded and classified according to the Dindo classification [3] . Minor complications were managed clinically and major complications required surgical intervention. We defined local recurrence-free survival as the time from study entry until the local recurrence of disease or until the last contact. Survival was defined as the time from study entry until death or the last contact. We calculated the local recurrence-free survival and the 5-and 10-year survival rates using Kaplan-Meier analysis. The survival rates and local recurrence rates in both groups were assessed using Kaplan-Meier estimates and differences in the rates were determined using log-rank test and StatView, Version 5.0 (SAS Institute, Inc, Cary, NC, USA). A multivariate analysis was performed to determine potential prognostic factors with respect to the two study end points: time until death and time until local recurrence. In the multivariate analysis, local control and survival were examined using the Cox proportional hazards model based on the age at the time of diagnosis, sex, tumor size, type of definitive surgery (surgical margin or photodynamic surgery), status as primary or recurrent disease at the time of definitive surgery, and AJCC stage (II and III versus IV).
Results
The 10-year overall survival rates in the acridine orange therapy group and the wide-margin resection group were similar (p = 0.75), 68% and 63% (95% CI, 54%-81% versus 51%-76%, respectively). The 10-year local recurrence rate was also similar (p = 0.36; 95% CI, 15%-42% versus 17%-39%), 29% for each group (Fig. 1) . We observed no differences in the overall survival rates between the acridine orange therapy and the wide-margin resection groups for each AJCC stage: the 5-year survival rates for patients with AJCC Stage II, III, and IV was 100%, 87%, and 0%, respectively, in the acridine orange therapy group and 95% (p = 0.41), 76% (p = 0.35), and 0% (p = 0.78), respectively, in the wide-margin resection group ( Fig. 2A-B) . The 5-year local recurrence-free rates for patients with Stage II, III, and IV disease were 92%, 64%, and 60%, respectively, in the acridine orange therapy group and 87%, 73%, and 67%, respectively, in the widemargin resection group (Fig. 2C-D) . Acridine orange therapy was not inferior to wide-margin resection in terms of survival and local recurrence control in each AJCC group.
Regarding the complications after acridine orange therapy, no complications requiring surgical intervention were observed according to the Dindo classification [3] .
The average ISOLS limb function score was higher (p = 0.02) in the acridine orange therapy group compared with that in the wide-margin resection group (93% versus 83%). The last followup examination was 131 months in the acridine orange therapy (AOT) group and 121 months in the wide-margin resection (WR) group. As of the last followup examination, 95% confidence intervals (95% CIs) for overall survival in the acridine orange therapy group and the widemargin resection group were 54%-81% versus 51%-76%, respectively. The 95% CI for local recurrence was 15%-42% versus 17%-39%, respectively. Both overall survival and local recurrencefree survival were not significantly different between the acridine orange therapy group and the conventional wide-margin resection group.
A larger tumor size predicted a poor overall survival and a higher risk of local recurrence, and AJCC Stage IV predicted a poor overall survival in the acridine orange therapy and the wide-margin resection groups (Table 3) . Recurrence status was also a risk factor for subsequent local recurrence in the wide-margin resection group but not in the acridine orange therapy group. Furthermore, intralesional resection did not predict local recurrence or poor survival in the acridine orange therapy group. In the acridine orange therapy group, although the numbers of cases belonging to each histological subtype were relatively small, nine cases of synovial sarcoma had no local recurrence (0%), and only one local recurrence (14%) occurred in seven cases of rhabdomyosarcoma (Table 4 ).
Discussion
Limb salvage in patients with soft tissue tumors occurring in the extremities has now been established as a reasonable option without compromising long-term survival [6, 37, 44] . Adjuvant chemotherapy and radiation therapy also assist in providing a better prognosis [35, 46] . However, en bloc resection or wide tumor resection for high-grade soft tissue sarcomas that are in contact with critical muscles, vessels, nerves, bones, or joints can cause serious deficits in limb function [1, 39] . Some adjuvant therapies such as radiation therapy or brachytherapy can reduce the risk of local recurrence after tumor resections, but the effects of these adjuvant therapies are not superior to those of wide-margin resection [ 11, 14, 35, 46] . If the surgical margin can be reduced without local recurrence, postsurgical limb function can be maintained. To reduce the surgical margin, we have developed a therapeutic approach involving the use of acridine orange therapy [18-20, 26-28, 32, 47] . We therefore examined the survival, local recurrence, and limb function outcomes in patients treated with a less radical surgical approach and adjunctive acridine orange therapy compared with those who underwent a conventional wide-margin resection. Our study had a number of limitations. First, because the present trial was not a randomized study comparing acridine orange therapy and wide-margin resection surgery, these therapies were difficult to compare strictly. However, the number of patients was reasonably large, and the distribution of AJCC stages, tumor sizes, and histological subtypes was similar within each group. Furthermore, a poorer survival and a larger number of local recurrences would be expected in the group with a marginal resection if the adjunctive acridine orange therapy was ineffective, yet we did not find this to be the case. Second, in the conventional wide-margin group, a large number of patients received postoperative radiation, presumably lowering the risk of local recurrence. Because positive-margin status after surgery is a risk factor for local recurrence [11, 15, 36, 41, 48] , we used postoperative radiation therapy or brachytherapy in the wide-margin resection group if the surgical margin was positive or nearly positive. However, the long-term effects of radiation therapy (those effects occurring more than 1 year after the completion of therapy) generally involve fibrosis, necrosis, edema, fractures, and contractures, all of which can substantially impair limb function. Although postoperative radiation therapy in the wide-margin resection group would likely cause dysfunction because of long-term radiation effects, whether postoperative radiation therapy in the wide-margin resection group promoted better local tumor control or survival could not be decided based on the present study because the results of the two groups were not different with regard to local control or survival with the exception of limb function. Furthermore, acridine orange therapy was used in tumors that were in contact with major vessels, requiring CI = confidence interval; AJCC = American Joint Committee on Cancer staging; AO-RDT = radiodynamic therapy with acridine orange; BTx = brachytherapy; RTx = radiation therapy. conventional radiation therapy for a wide-margin resection. Third, for the acridine orange therapy group, we selected patients whose tumors were in contact with major nerves or vessels. The surgical margin of tumors in contact with major nerves or vessels tended to be closer to enable the preservation of the nerves or vessels; to avoid the risk associated with closer margins, preoperative chemotherapy was more frequently performed in the acridine orange group than in the wide-margin resection group (Table 2) . Although the invasion of blood vessels by soft tissue sarcomas is a risk factor for a poor prognosis, chemotherapy for soft tissue sarcomas can improve the outcome [25] . On the other hand, the percentage of patients with AJCC Stage IV in the acridine orange therapy group (25%) was higher than that in the wide-margin resection group (12%) ( Table 1 ). For these advanced tumors, preoperative chemotherapy tended to be performed more frequently. If the adjunctive acridine orange therapy for these aggressive AJCC Stage IV tumors had been ineffective, a poorer survival and a larger number of local recurrences would have been expected. Furthermore, because of the criteria used as indicators for acridine orange therapy, rhabdomyosarcomas, synovial sarcomas, PNETs, or tumors that are commonly located in contact with major joints, nerves, or vessels and that occur in young patients tend to be selected for acridine orange therapy. Although these tumors in contact with critical structures are associated with a risk of local recurrence because of the relatively close margin, these tumors included so-called ''chemosensitive tumors'' such as rhabdomyosarcoma or PNET. Although chemotherapy for soft tissue sarcomas can improve the survival or local recurrence outcomes, such advanced tumors requiring chemotherapy were more frequently selected to undergo acridine orange therapy. The important point of this comparison study is to show similarity between the two groups in terms of the overall survival and local recurrence outcomes. We found similar overall survival and local recurrence periods in the acridine orange therapy group and the widemargin resection group. The 10-year overall survival rate for the acridine orange therapy group and the wide-margin resection groups were 68% and 63%, respectively, and the 10-year local recurrence rate was 29% for each group. The overall 5-year survival rates in a large series of patients with high-grade soft tissue sarcomas of the limb or trunk reportedly range from 66% to 76% (Table 5) [9, 33, 36, 41] . Therefore, the clinical results for acridine orange therapy are comparable to those for wide-margin resection.
Perhaps more importantly, patients with microscopically positive surgical margins have an increased risk of local recurrence. Indeed, the margin status after surgical resection is an independent prognostic factor for local recurrence [11, 15, 36, 41, 48] . Regarding the surgical margin, although clinical judgment and interpretation of the MRI findings identify an apparent tumor margin, the judgments are obviously subjective. If MR images could detect a single or small number of tumor cells, the resection of tumors with a safe or adequate surgical margin would be easy. However, surgeons must decide on the surgical margins based on MRI or other imaging findings that cannot detect a single cell, relying instead on their experience and the available evidence. Determining appropriate safety margins can be difficult. Although we selected patients whose tumors did not exhibit ''invasiveness'' or ''nonmassive invasiveness'' on preoperative MR images, these terms do not necessarily imply that they are less aggressive. Furthermore, in our comparison of acridine orange therapy and wide-margin resection surgery, we found no difference in the overall survival or local recurrence despite the different surgical margins used in the two groups. One explanation for this finding is that acridine orange therapy has the advantage of making the tumor cells visible during surgery. Even if the tumor cannot be visualized because of its small size or deep-seated nature, the tumor cells can subsequently be killed using low-dose radiation therapy with acridine orange. Still, the preoperative judgment of surgical margins is not as perfect as the surgeons may believe, and the surgical margins for musculoskeletal tumors sometimes result in a partial intralesional or marginal margin. So, these advantages in acridine orange therapy and the results of this study indicate that acridine orange therapy is useful for local control after a closer margin or positive margin tumor resection and for preserving limb function in patients with highgrade soft tissue sarcomas.
Variables associated with poor long-term function after radiation therapy include large tumors, high-dose radiation, long radiation fields, and wound complications [39, 46] . In the acridine orange therapy group, we performed acridine orange radiodynamic therapy after surgery in 34 patients, but no complications requiring surgical intervention occurred [3] . Acridine orange radiodynamic therapy is a unique technique that has the potential to be useful as a high-dose radiation therapy without adverse complications. X-ray energy can excite acridine orange like a visible beam, and tumor cells exposed to acridine orange are killed even if they are deeply seated [10] . X-ray energy is accelerated by acridine orange in a manner such that lowdose radiation has an effect similar to that of high-dose radiation without the associated complications. Consequently, limb function can often be preserved in patients who receive acridine orange therapy.
Survival and local recurrence are affected by the tumor subtype and AJCC stage, as many previous articles have mentioned. Gustafson [9] suggested that a diagnosis of synovial sarcoma was a risk factor for reduced survival, but acridine orange therapy produced good local control and survival rates for patients with synovial sarcoma or rhabdomyosarcomas. Consequently, if acridine orange therapy is further refined and basic studies involving large numbers of patients are performed, this therapy could became an effective treatment for soft tissue sarcomas.
Our data suggest that acridine orange therapy may be useful for local control after reduction surgery in patients with soft tissue sarcoma compared with a conventional wide-margin resection. Even if the surgical margin is positive, acridine orange therapy can control local recurrence as conventional wide-margin resection. A less radical approach in combination with adjunctive acridine orange therapy can provide comparable survival, local recurrence, and limb function to a conventional wide-margin resection. Thanks to the preservation of normal tissue, better limb function can also be anticipated after acridine orange therapy compared with after a wide-margin resection.
